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Summary
Background: During locomotion in vertebrates, reticulospinal
neurons in the hindbrain play critical roles in providing de-
scending excitation to the spinal cord locomotor systems.
However, despite the fact that many genes that are used to
classify the neuronal identities of neurons in the hindbrain
have been identified, the molecular identity of the reticulospi-
nal neurons that are critically involved in locomotor drive is not
well understood. Chx10-expressing neurons (V2a neurons) are
ipsilaterally projecting glutamatergic neurons in the spinal
cord and the hindbrain. Many of the V2a neurons in the hind-
brain are known to project to the spinal cord in zebrafish,
making hindbrain V2a neurons a prime candidate in descend-
ing locomotor drive.
Results: We investigated the roles of hindbrain V2a neurons
using optogenetic and electrophysiological approaches. The
forced activation of hindbrain V2a neurons using channelrho-
dopsin efficiently evoked swimming, whereas the forced
inactivation of them using Archearhodopsin3 or Halorhodpsin
reliably stopped ongoing swimming. Electrophysiological
recordings of two populations of hindbrain reticulospinal V2a
neurons showed that they were active during swimming. One
population of neurons, small V2a neurons in the caudal hind-
brain, fired with low rhythmicity, whereas the other population
of neurons, large reticulospinal V2a neurons, called MiV1 neu-
rons, fired more rhythmically.
Conclusions: These results indicated that hindbrain reticulo-
spinal V2a neurons play critical roles in providing excitation
to the spinal locomotor circuits during swimming by providing
both tonic and phasic inputs to the circuits.
Introduction
During locomotion inmammals andother vertebrates, reticulo-
spinal neurons in the hindbrain play critical roles in providing
descending excitation to the spinal cord locomotor systems
[1–4]. However, despite the fact that many genes that are
used to classify the neuronal identities of neurons in the*Correspondence: shigashi@nips.ac.jphindbrain have been identified [5–9], the molecular identity of
the reticulospinal neurons that are critically involved in locomo-
tor drive is not well understood. Neurons marked by the tran-
scription factor Chx10 (V2a neurons) in the spinal cord
represent ipsilaterally projecting excitatory neurons in verte-
brates [8, 10]. In embryonic and larval zebrafish spinal cords,
V2a neurons project to motoneurons and provide cycle-by-cy-
cle excitation during swimming [11–13]. V2a neurons are pre-
sent in the hindbrain and have a continuous column from the
spinal cord. These neurons are ipsilaterally projecting excit-
atory neurons, many of which project down the spinal cord
[9]. This suggests that hindbrain V2a neurons in zebrafish are
involved inprovidingexcitation to thespinal swimmingcircuits.
If theseneurons play critical roles, onewould expect that (1) the
forced activation of the neurons could turn on swimming and
that (2) their forced inactivation during swimming would stop
ongoing swimming. In the present study, we utilized optoge-
netic approaches [14, 15] to test these hypotheses.
In addition to testing the above hypotheses, we investigated
the activity of reticulospinal V2a neurons using electrophysi-
ology. Our aim was to reveal to what extent they would exhibit
rhythmicity in firing patterns. The hindbrain neurons involved
in locomotor activation could, in theory, provide unpatterned
tonic excitation to the spinal cord, because the spinal cord
locomotor circuits themselves can generate rhythms in verte-
brates, including zebrafish [8, 16–19]. Reticulospinal neurons,
however, often show some rhythmicity in their firing patterns
[20–24], and it is therefore possible that some (or all) of the
reticulospinal V2a neurons in zebrafish could fire in a rhythmic
manner. We wanted to determine the extent of the rhythmicity
of V2a neuron activity and to identify any heterogeneity among
V2a neurons in their firing patterns.
Our results revealed that the activation of hindbrain V2a neu-
rons efficiently turned on swimming and that their inactivation
completely stopped spontaneously occurring swimming.
Electrophysiological recordings showed that some hindbrain
reticulospinal V2a neurons fired with low rhythmicity, whereas
others fired more rhythmically. These results indicated that
hindbrain reticulospinal V2a neurons play critical roles in
providing excitation to the spinal locomotor circuits during
swimming by providing both tonic and phasic inputs to the
circuits.
Results
Optogenetic Analysis of V2a Neurons in the Hindbrain
For the purpose of expressing optogenetic tools, we gener-
ated a Tg[chx10:Gal4] transgenic line. We first checked
whether reporter genes could be faithfully expressed using
this Gal4 driver line. In the compound transgenic fish of Tg
[chx10:Gal4] and Tg[UAS:GFP], the GFP expression pattern
was nearly identical to Chx10 expression (see Figure S1B
available online), thus validating the use of the Tg[chx10:Gal4]
driver. As reported previously using the Tg[chx10:GFP] line [9],
GFP-positive neurons are located in the relatively medial
region throughout the hindbrain (Figure 1).
We expressed channelrhodopsin (ChR wide receiver
[25, 26]) in V2a neurons and performed photo-stimulation
Figure 1. V2a Neurons in the Hindbrain
Compound transgenic fish of Tg[chx10:Gal4] and Tg[UAS:GFP] at 3 dpf. The
two panels on the left are dorsal views. GFP-expressing neurons are present
in the hindbrain and the spinal cord. The asterisks show the GFP signal in
the tectums that are originated from GFP-positive cells in the retina. The
three panels on the right are cross-sections. The dotted circle demarcates
the hindbrain. Scale bar represents 100 mm.
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844experiments using the agarose-embedded larvae whose tails
were left free to move (Figure S2). When a flash of blue light
was applied to the entire hindbrain (for the anatomical defini-
tion of the hindbrain, see Supplemental Experimental
Procedures and Figure S1), forward swimming was elicited in
the vast majority of cases (97.1% of trials; Figures 2A and
2B). The movements, in most cases, represented typical
forward swimming (Figure 2A; Movie S1), although the ampli-
tudes of the tail flips were often uneven at the beginning of
the swimming. Hereafter, we call the ChR-mediated elicited
movements ‘‘swim-like behaviors’’ (for definitions of the
swim-like behaviors in this study, see Supplemental Experi-
mental Procedures). We also sometimes observed escape
turns or struggling-type movements (data not shown). With
the stimulation condition (0.4 mW/mm2 for 100 ms), the onset
latency of the tail movements was 516 14 ms on average, and
the duration of the swim-like behaviors was 766 6 607 ms on
average (n = 34, mean6 SD). The onset latency was a function
of the application light power. When the light power was
increased to 60 mW/mm2 (duration, 100 ms), the onset latency
of the tail movements became 17.8 6 1.8 ms on average
(n = 10).
Next, we examined which region of the hindbrain was effi-
cient for eliciting swim-like behaviors. For this purpose, we
divided the hindbrain into three regions: rostral, middle, and
caudal (regions b, c, and d in Figure 2C). Each region roughly
corresponds to rhombomeres 1–3, 4–7, and 8, respectively.
We also performed photo stimulations to the midbrain and
the spinal cord (regions a and e in Figure 2C). The results are
shown in Figure 2D. Illuminating the midbrain (region a) did
not elicit any swimming. Illuminating each region of the hind-
brain elicited swimming with differences in probability. High
efficiency was observed with photo stimulation of the middle
and caudal hindbrain (regions c and d). Compared to these
two regions, photo stimulation to the rostral hindbrain (region
b) was slightly less efficient. Photo stimulation of the spinal
cord (region e) was also capable of eliciting swimming. In
this case, however, the efficiency was much lower than that
of any region of the hindbrain.
Next, we asked whether inhibition of hindbrain V2a neuron
activity would stop ongoing swimming. For this, we expressed
the light-gated proton pump Archearhodopsin3 (hereafter
called Arch [27]) or the light-gated chloride pump eNpHR3.0(hereafter called Halo3 [28, 29]) in V2a neurons. Larvae at
3 days postfertilization (dpf) occasionally perform sponta-
neous swimming that often lasts for a second or longer. Our
experimental design was as follows. After detecting swim-
ming-relatedmovements, green lightwas applied (Figure S3A).
The duration of the green light application was set to 500 ms.
The expectation was that this green light application would
stop ongoing swimming. We first performed experiments in
Arch-expressing larvae. When the entire hindbrain was illumi-
nated (30.5mW/mm2), the swimming stoppedwithin 500ms of
the illumination time in 100% of the trials (Figures 3A and 3B;
n = 35, 7 animals). The duration of swimming after the applica-
tion of green light was 137.86 6.9 ms (mean6 SE; Figure 3C).
When no light was applied to the Arch-expressing animals, or
when green light was applied to the control animals, swimming
lasted for 1 to 2 s, the same as in the control animals without
light application (Figures 3B and 3C). We performed the
same experiments using Halo3-expressing animals and
essentially the same results were obtained (Figures S3B–S3D).
We then askedwhich region of the hindbrain was an efficient
site for stopping swimming. The hindbrain was divided into
three regions, and region-specific illumination was performed
in Arch-expressing animals (Figure 3D). The results showed
that the middle and caudal regions were more efficient than
the rostral region (Figure 3E). The same results were obtained
in Halo3-expressing animals (Figure S3E).
In summary, ChR experiments indicated that swimming
could be efficiently evoked by activating hindbrain V2a neu-
rons. Arch/Halo3-mediated photo-inhibition experiments
indicated that the activity of hindbrain V2a neurons was
absolutely essential for sustaining spontaneously occurring
swimming. The results also suggested that activity in the
middle and caudal region of the hindbrain was particularly
important for sustaining swimming.
Revealing Hindbrain V2a Neurons that Project to the Spinal
Cord
We have shown that the requirements of V2a neuron activity
for sustaining swimming are not equal among hindbrain
regions. This could reflect differences in the projection of
V2a neurons to the spinal cord. This led us to examine poten-
tial anatomical differences among hindbrain V2a neurons with
respect to the projections to the spinal cord. In zebrafish, there
are large spinally projecting neurons (reticulospinal neurons)
that can easily be revealed by backfilling from the spinal
cord (hereafter called large reticulospinal neurons [30, 31]).
We first investigated whether V2a neurons were included
among these large reticulospinal neurons. We injected Texas
red-Dextran into the spinal cord of animals of Tg[chx10:Gal4]
and Tg[UAS:GFP] and investigated whether there were any
overlaps between Texas red-labeled neurons and GFP neu-
rons. The results indicated that several ipsilaterally projecting
large reticulospinal neurons located in rhombomeres 3–6 were
GFP positive (dots in Figure 4A). These include MiD2i, MiD3i,
MiV1, and MiV2 neurons (Figure 4A). In addition to these large
reticulospinal neurons, much more abundant small-sized
(typical-sized) GFP neurons (approximately 4–5 mm in
diameter) located in the caudal hindbrain were occasionally
labeled by Texas red (Figure S4). Texas red labeling in these
small neurons, however, was often faint, and labeling patterns
were not consistent from animal to animal. This probably
reflected the fact that these small-sized neurons had thin
axons, making it difficult for them to be clearly revealed by
backfilling. Given this, we used an alternative approach to
Figure 2. Activation of Hindbrain V2a Neurons
Elicits Swimming
Compound transgenic fish of Tg[chx10:Gal4]
and Tg[UAS:ChR] at 3 dpf were used in the
experiments.
(A and B) A flash of blue light (0.4 mW/mm2,
100 ms) was applied to the boxed area (left panel
in A). This evoked swim-like behavior (right
panels in A). (B) Frequencies of eliciting swim-
like behavior. ‘‘WT’’ represents wild-type larvae,
whereas ‘‘ChR’’ represents larvae that expressed
ChR in V2a neurons. n = 35, 7 animals for both
cases.
(C and D) Region-specific photo stimulations
were applied. The hindbrain was divided into
three regions (b, rostral; c, middle; d, caudal).
Photo stimulations were applied to each region.
In addition, photo stimulations were applied
to the midbrain (a) and spinal cord (e). (D) Fre-
quencies of eliciting swim-like behaviors with
different stimulation sites and different stimula-
tion strengths. The duration of the stimulation
was 100 ms.
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845reveal spinally projecting V2a neurons using photo-convertible
fluorescent protein Kaede [32]. Kaede was expressed in V2a
neurons, and violet light was applied to the spinal cord.
Photo-converted Kaede (Red-Kaede) was then allowed to be
back propagated from the axons in the spinal cord to the
somata in the hindbrain. The experiments revealed that the
vast majority of small V2a neurons located in the caudal hind-
brain projected to the spinal cord (Figure 4B, cross-section
in d). Hereafter, these neurons are called small reticulospinal
V2a neurons. In the more rostral region (cross-sections in b(D andE)Green light (30.5mW/mm2, 500ms)wasapplied in a region-specificmanner. (D) Illumination areas
within the illumination periods (500 ms). ‘‘No light’’ represents control experiments in which green light waand c), the numbers of Red-Kaede-
labeled neurons became gradually
smaller. The labeled neurons tended tobe restricted to the ventral region of the hindbrain. In the rostral
hindbrain (cross-section a), only a limited number of Red-
Kaede-labeled neurons were present. In summary, the results
of backfilling and Kaede photo-conversion experiments re-
vealed the following. First, some of the ipsilaterally projecting
large reticulospinal neurons, includingMiD2i, MiD3i, MiV1, and
MiV2, were among the V2a neurons. Second, a large number of
V2a neurons in the caudal hindbrain with small size projected
to the spinal cord. The number of small reticulospinal V2a neu-
rons gradually became smaller in more rostral regions.Figure 3. Inactivation of Hindbrain V2a Neurons
Stops Ongoing Swimming
Compound transgenic fish of Tg[chx10:Gal4]
and Tg[UAS:Arch] at 3 dpf were used in the
experiments.
(A–C) Green light (30.5 mW/mm2, 500 ms) was
applied to the boxed area (left panel in A) after
swimming started (onset latency of the illumina-
tion was 200–400 ms). The application of the light
stopped swimming (right panels in A). (B) Fre-
quencies of stopping swimming within the
illumination periods (500 ms). ‘‘WT’’ represents
wild-type larvae, whereas ‘‘Arch’’ represents
larvae that expressed Arch in V2a neurons. ‘‘No
light’’ represents control experiments in which
green light was not applied. In these cases, the
duration of swimming was measured after the
onset of the electric signal that would turn on illu-
mination with the DMD. In nearly 100% of the
trials, the application of green light stopped
ongoing swimming in Arch-expressing larvae.
Arch: n = 35, 7 animals; WT: n = 25, 6 animals.
(C) Mean duration of swimming after the onset
of illumination. Bars indicate SE. The dotted line
indicates the illumination time. In the case of
Arch-expressing larvae, the duration of swim-
ming was significantly shorter (t test; *p < 0.001).
Arch: n = 35, 7 animals; WT: n = 25, 6 animals.
are shown. (E) Frequenciesof stopping swimming
s not applied. n = 25, 5 animals.
Figure 4. V2a Neurons that Project to the Spinal Cord
(A) Texas red-Dextran was backfilled into a compound transgenic fish of Tg
[chx10:Gal4] and Tg[UAS:GFP] at 3 dpf. Several ipsilaterally projecting large
reticulospinal neurons, including MiD2i, MiD3i, MiV1, and MiV2 neurons, are
GFP positive, showing that they are among the V2a neurons. The dots
indicate neurons that are double positive for Texas red and GFP.
(B) Kaede protein in the spinal cord of Kaede-expressing fish
(Tg[chx10:Gal4] and Tg[UAS:Kaede] at 3 dpf) was photo converted by appli-
cation of violet light to the spinal cord. After photo-converted Kaede (from
green to red) was transported from the axons to the somata (8 hr waiting
time), the observation was made. Green shows the distribution of green
Kaede, whereas magenta shows the distribution of red (photo-converted)
Kaede. The majority of V2a neurons in the caudal hindbrain are positive
for Red-Kaede. In the more rostral region, the number of Red-Kaede-
labeled neurons gradually became smaller. Subpanels of (a)–(d) show
cross-sections. Scale bar represents 50 mm.
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Next, we investigated the activity of reticulospinal V2a neurons
using electrophysiology. We sought to determine the extent of
the rhythmicity of V2a neuron activity and to identify any
region- or cell type-specific differences.
Hindbrain V2a neurons constitute a large population of neu-
rons. It was a technically daunting task to perform electro-
physiological recordings for the entire population of neurons.
Therefore, we focused on two populations in this study. The
first population was the small reticulospinal V2a neurons
located in the caudal hindbrain (rhombomere 8; Figure 5A).
The second population was the MiV1 neurons located in the
very ventral region of the rhombomere 4 (Figures 4A and 5B).
A previous calcium-imaging study showed that MiV1 neurons
were active during swimming [33].We first describe our results on the small V2a neurons in the
caudal hindbrain. We initially investigated the projection pat-
terns of these neurons by performing electroporation of Rho-
damin-Dextran to the neurons in order to confirm that they
were actually projecting to the spinal cord. As expected, all
of the neurons (n = 12) investigated projected to the spinal
cord (Figures S5A and S5B). In addition to the spinally projec-
ting descending axons, many of the neurons also had
ascending axons that projected to the rostral hindbrain (Fig-
ures S5A and S5B).
We performed loose-path recordings from the neurons. To
monitor locomotor activity, we simultaneously performed
ventral root (VR) recording. The recorded neurons were
essentially silent during rest periods; during spontaneous
swimming, they exhibited firing activity, as expected (Figures
5A, see also Figures S5D and S5E). Firing patterns varied
from cell to cell. Some of the cells fired only sporadically (Fig-
ure S5D). Some of the cells fired more frequently (Figure S5E).
The firing frequencies of the recorded cells per VR cycle are
summarized in Figure 5C (top). Sporadically active cells,
such as those falling between 0 and 0.2 per VR cycle, were
larger in number (Figure 5C).
We then analyzed the phase relationship between V2a
neuron spikes and VR activity using circular statistics (Fig-
ure S5C [34]). As shown in Figure 5A, the spike timing of V2a
neurons was not tightly phase locked to the VR activity: spikes
are plotted in any region of the circle. Consequently, the length
of the vector, which represents the strength of the phase
relationship between spikes and VR activity, is short. Figure 5D
shows a histogram of the length of the vector (‘‘r’’). The values
varied, ranging from 0 to 0.7 (top panel in Figure 5D). These
values were much lower than those of spinal V2a neurons
(ranging from 0.8 to 0.95; bottom panel in Figure 5D).
Recordings inMiV1 neurons revealed different tendencies in
firing patterns. They tended to fire more consistently with VR
activity (Figures 5B; see also Figure S5F). Many of the cells
showed one or more spikes per VR cycle (bottom panel in Fig-
ure 5C). The phase relationships of the MiV1 spikes to the VR
activity were relatively high (circular plot in Figure 5B; see
also Figure S5F). The histograms of the ‘‘r’’ values show that,
on average, the spikes of the MiV1 neurons were more phasic
compared to the small V2a neurons in the caudal hindbrain
(compare top and middle panels in Figure 5D), although the
values were smaller than those of the spinal V2a neurons
(compare middle and bottom panels in Figure 5D). These
results indicate that the MiV1 neurons exhibited more rhyth-
micity than the small V2a neurons in the caudal hindbrain.
The results described thus far only considered the ‘‘r’’ values
and did not consider the directions of the vector, which
represented the timing of spikes with respect to VR activity.
The directions could vary depending on the location of the
VR recordings. To estimate the timings of MiV1 neuron
firing, we compensated for the prospective rostrocaudal
delay of the VR activity and placed the directions of the
vectors in a circle (Figure S5G). The results reveal that the
directions of the vectors for MiV1 neurons were clustered
near 0.25. This value indicates that the spike timings of the
MiV1 neurons roughly corresponded to the VR activity around
segments 6–8.
Discussion
In a variety of vertebrate species, it has been reported
that stimulating the hindbrain neurons by electrical,
Figure 5. Activity of Hindbrain V2a Neurons during
Fictive Swimming
Compound transgenic fish of Tg[chx10:Gal4] and Tg
[UAS:GFP] at 3 dpf were used for electrophysiological re-
cordings. Loose-patch recordings from reticulospinal
V2a neurons were made together with VR recordings.
(A and B) (A) shows an example of recordings from the
small reticulospinal V2a neurons in the caudal hindbrain,
whereas (B) shows an example of recordings from the
MiV1 neurons. The left panels show the region of the cells
that were recorded. The top panel for each figure is a dor-
sal view, whereas the bottom panel is a cross-section.
Middle panels show recordings. The numbers in paren-
theses indicate the locations of the VR recordings. The
right panels show circular plots that depict the phasic
relation of V2a neuron spikes to the VR activity. The cen-
tral time point of a VR activity was assigned a phase value
of zero and that of the next VR activity was assigned a
phase value of one (Figure S5C). The phase values of 30
randomly selected spikes are plotted in the circle. The di-
rection of the vector shows the mean of the phase value,
whereas the length of the vector shows the strength of
the rhythmicity.
(C) Histograms of the number of spikes of reticulospinal
V2a neurons per VR cycle. The top panel shows a histo-
gramof the small reticulospinal V2a neurons in the caudal
hindbrain, whereas the bottom panel shows a histogram
of the MiV1 neurons. n = 44 for the former, and n = 14 for
the latter.
(D) Histograms of the length of the vectors (‘‘r’’). The top
panel shows the histogram of the small reticulospinal
V2a neurons in the caudal hindbrain. In this histogram,
only those neurons whose firing frequencies were more
than 0.1 are included. n = 20. The middle panel shows
the histogram of the MiV1 neurons. n = 14. The bottom
panel shows the histogram of the spinal V2a neurons.
This figure is shown for comparison purposes. n = 12.
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847pharmacological, and optogenetical methods can elicit loco-
motion [1, 3, 14, 35, 36]. It has also been reported that inactiva-
tion of the hindbrain neurons by a cooling method can stop
locomotion [37]. These studies point to the critical role of hind-
brain reticulospinal neurons in providing excitation to the loco-
motion circuits [2, 3, 8]. However, there are a large number of
neurons and there are many different types. As such, it has re-
mained unclear which types of neurons are critically involved
in this role. In terms of the anatomy and the neurotransmitter
phenotype, Chx10-expressing neurons (V2a neurons) in the
hindbrain were a prime candidate for performing this role.They are glutamatergic, and many of them
project to the spinal cord [9]. Here, we have
shown that (1) forced activation of the geneti-
cally defined neurons, V2a neurons, evoked
swimming and that (2) forced inactivation of
them stopped ongoing swimming. These re-
sults provide convincing evidence that V2a
neurons play critical roles in providing excita-
tion to the swimming circuits in zebrafish.
There are region-specific differences in the
ability to elicit or stop swimming. In both
cases, the rostral region was the least efficient
site. This suggests that V2a neurons in
the rostral hindbrain are less involved in
swimming. This is consistent with the pro-
jection patterns of the neurons, namely,
that few neurons in the region project to the
spinal cord.During locomotion in vertebrates, higher brain centers, such
as themesencephalon locomotor region (MLR), are believed to
provide excitation to the hindbrain reticulospinal neurons, and
the reticulospinal neurons relay the excitation to the locomo-
tion circuits in the spinal cord [3, 37]. These configurations
may also be present in zebrafish. Reticulospinal V2a neurons
may receive inputs from a higher brain center and then trans-
mit the excitation to the spinal cord during spontaneous swim-
ming. An important research issue in the future will involve
investigating the upstream sources and downstream targets
of reticulospinal V2a neurons.
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neurons. One population that we examined was the small
reticulospinal neurons in the caudal hindbrain. Their firing
patterns exhibited low rhythmicity, suggesting that their
main contribution to the swimming circuits is to provide tonic
excitation. The firing reliability of the recorded neuronswas not
very high. However, a large number of small neurons are pre-
sent in the region. Thus, the net effects of the sporadic firing
of these neurons could reach a significant level, and the exci-
tation provided by these neurons could play very important
roles in sustaining swimming.
Many of the small reticulospinal V2a neurons in the caudal
hindbrain send axons not only to the spinal cord but also to
the rostral hindbrain. This suggests that these neurons provide
excitation to both the spinal cord and the hindbrain during
swimming. One interesting possibility is that reticulospinal
V2a neurons make mutual connections to sustain excitation
levels during swimming, as has been suggested in Xenopus,
in which ipsilaterally projecting excitatory neurons that may
be Xenopus counterparts of V2a neurons (hindbrain dINs)
form mutual connections [38].
We have examined the firing patterns of another population
of reticulospinal V2a neurons, MiV1 neurons. They tended to
fire more consistently with each VR activity and, thus, the
rhythmicity of their firing was higher than that of the firing of
the small reticulospinal V2a neurons in the caudal hindbrain.
This suggests that excitatory inputs from the MiV1 neurons
to the spinal cord could have more rhythmical impact. MiV1
neurons may constitute an integral part of the rhythm-
generating circuitry in swimming.
In Xenopus, a population of hindbrain dINs (prospective
V2a neurons) is proposed to provide the earliest phasic exci-
tation on one side of the spinal cord in each swimming cycle
[24]. Could MiV1 neurons play this role? Our study showed
that the timings of the MiV1 spikes approximately coincided
with the VR activity of the 6th to 8th segments, suggesting
that their spikes may be too late to constitute the earliest
phasic excitation. The main role of MiV1 neurons may involve
providing excitation to premotor or motor neurons located in
the midbody regions. If the earliest phasic excitation is pro-
vided by V2a neurons, such neurons may be among those
hindbrain V2a neurons that have not been recorded in the
current study, or they may be among the rostral-most spinal
V2a neurons.
Our studies have revealed the surprisingly complex configu-
ration of reticulospinal V2a neurons. If hindbrain V2a neurons
were merely continuous extensions from spinal V2a neurons,
the simplest configuration would have caudal neurons being
more rhythmically active. We found, however, that the small
reticulospinal V2a neurons in the very caudal region of the
hindbrain (caudal rhombomere 8) are less rhythmic and that
the MiV1 neurons in rhombomere 4 are more rhythmic. For a
comprehensive understanding of the roles of reticulospinal
V2a neurons, it will be important to determine the firing
patterns of the reticulospinal V2a neurons that were not
recorded in this study.
The complex organization of the reticulospinal V2a neurons
exhibits a difference between zebrafish and the Xenopus
tadpole. In Xenopus, it was reported that there were appar-
ently no prospective V2a neurons that could induce tonic
excitation [24]. The difference could be attributed to species-
specific difference, or it could alternatively be attributed to
the age differences of the animals examined. The Xenopus
study was carried out using very early-stage animals. In theseearly stages, the V2a neurons that play a larger role in tonic
excitation may not be incorporated in the circuitry.
In summary, we have shown that hindbrain Chx10-
expressing (V2a) neurons play a pivotal role in providing exci-
tation to the spinal locomotor circuits during locomotion.
The expression patterns of transcription factors, including
Chx10, in developing the spinal cord and the hindbrain are
largely conserved across vertebrate species [8, 9]. It may be
that Chx10-expressing neurons in the hindbrain perform
critical roles in driving spinal locomotor circuits in other verte-
brates, including mammals.
Experimental Procedures
All procedures were performed in compliance with the guidelines approved
by the animal care and use committees of the National Institutes of Natural
Sciences. The Tg[chx10:Gal4] driver line was used to express GFP, Kaede,
ChR, Arch, and Halo3 in V2a neurons. All experiments were performed using
3 dpf larvae that had pigment mutations (nacre or casper [39, 40]). Photo
stimulations were applied to the agarose-embedded larvae using a digital
micromirror device (DMD)-equipped upright microscope. Movements of
the animals were captured from the bottom using a high-speed camera.
Electrophysiology was performed with the standard procedures [12]. For
more details, see the Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes five figures, Supplemental Experi-
mental Procedures, two movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.03.066.
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